. Each microwell array was coated with a solution of poly(styrene-co-acrylic acid) (PS-AA) in GBL co-mixed with γFe 2 O 3 nanoparticles and degassed under vacuum to remove air bubbles. 2 The array was submerged in a jar of the same solution and pulled out by a stepper motor at a rate of 1 mm/s. This procedure of dip-coating resulted in a droplet of solution deposited within each microwell. The array was baked at 95°C for 12 h period producing a hard, concave magnetic element, or microraft, within each microwell. The microraft array was subsequently adhered to a polystyrene cassette using PDMS.
Microscopy setup
An MVX10 provided light for fluorescence excitation. All microscopy equipment was controlled by custom software written in MATLAB (MathWorks, Natick, MA) and using a Micro-Manager (Open Imaging, San Francisco, CA) core. 4, 5 A custom-made incubator was made to fit around the microscopy set-up to regulate temperature, humidity and CO 2 concentration during time-lapse microscopy experiments.
Preparation of microraft arrays for the cytotoxicity assays
Prior to experiments on the microraft array, the array was treated for 5 min in a plasma cleaner (Harrick Plasma, Ithaca, NY). The array was then washed with 100% ethanol and subsequently washed ×5 with PBS. The microraft array was coated in 0.1 wt% bovine gelatin in PBS and incubated at 37°C for ≥2 h. The gelatin solution was aspirated and the array was washed ×3 with PBS before plating cells.
Effector and target cell generation

Generation of dendritic cells (DCs) from CD34 + progenitors
Dendritic cells were differentiated from CD34 + cells using a modification of a previously described method. 6 De-identified cryopreserved leukapheresis products from healthy donors treated with G-CSF to mobilize CD34 + cells were obtained from the Hematopoietic Progenitor Cell Laboratory at UNC Hospitals. On Day 1, a cryopreserved leukapheresis product was thawed, peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque PLUS density gradient centrifugation, and CD34 + cells were isolated using the CD34 Microbead Kit UltraPure (Miltenyi Biotec). CD34 + cells were plated at 3 mL/well in 6 well ultra-low attachment plates at a concentration of 3 × 10 5 /mL ( 3mL/well) in CTS AIM V media with 10%
human AB serum (complete media, CM), supplemented with 800 U/mL GM-CSF, 100 ng/mL Flt3-ligand and 50 ng/mL SCF. Cells were incubated for 72 hours in a 5% CO 2 incubator at 37 o C. Once differentiation was initiated, immature DCs were handled with polypropylene transfer pipets (as polystyrene serological pipets could induce early maturation of the DCs). Cells
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were maintained at a concentration of < 0.8 × 10 6 /mL. On days 4 and 6, cells were counted, 500
μL of CM was added to each well to maintain a 3 mL volume, and fresh cytokines were added to final concentrations of 800 U/mL GM-CSF, 100 ng/mL Flt3-ligand, 50 ng/mL SCF and 500 U/mL IL-4. On days 8 and 10, cells were counted and split to maintain a concentration < 0.8 × 10 6 /mL and 800 U/mL GM-CSF, and 500 U/mL IL-4 were added to each well. Immature DCs were cryopreserved on Day 12 in FBS with 10% DMSO. U/mL IFN- and 1000 U/mL IL-6 were added to the cultures. TNF- was added 24 hours later, and the cells were peptide-pulsed the following day.
For peptide-pulsing, matured DCs were pelleted and resuspended at a concentration of 1 × 10 6 live cells/mL in CM supplemented with GM-CSF, IL-4 and TNF-. Peptides (M1p or PR1) were co-incubated with DCs at a concentration of 2 g/mL of peptide and incubated for at least 18 hours. DCs were washed once with CM to remove excess peptide prior to use for T cell stimulation or in bulk cytotoxicity assays.
Generation of cytotoxic T lymphocytes (CTLs)
PBMCs were isolated from another CD34 + leukapheresis product from the same donor using with data analysis using FlowJo version 7.6.5.
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Single cell cytotoxicity analysis
Restimulation of CTLs and isolation of CD8 + cells prior to plating on the microraft arrays
Cryopreserved CTLs were thawed and restimulated with M1p pulsed DCs at a CTL:DC ratio of 50:1. After 3 days, CD8 + T cells were isolated using the CD8 + T cell isolation kit and plated at a concentration of 1 × 10 6 cells/mL in CM supplemented with IL-7, IL-15 and IL-2. CD8 + T cells were plated on microraft arrays 2 to 3 days later.
Single T cell cytotoxicity assay
Autologous DCs were pulsed with either M1p or PR1 16-18 h prior to the cytotoxicity assay.
Both sets of DCs were stained with 1 µg/mL Hoechst 33342 and 50 nM Sytox Green following the manufacturers' protocols prior to plating. Cells were deposited on microraft arrays in phenolred free RPMI 1640 supplemented with 10% human AB serum, 100 U/mL penicillin, 100 µg/mL streptomycin and 20 mM HEPES. For each cytotoxicity assay, two microraft arrays were prepared, and M1p pulsed DCs were added to one array while PR1 pulsed DCs were added to the second array at cell:microraft ratios of 30:1. Both arrays were centrifuged at 400 × g for 4 min and the media was aspirated. CD8 + T cells from the M1p culture were stained with 500 nM CellTracker Deep Red and 50 nM Sytox Green following manufacturer's protocols and were added to both arrays at a cell:microraft ratio of 1:1. The arrays were again centrifuged at 400 × g for 4 min and the media was aspirated. Culture media containing 50 nM Sytox Green was placed over each array and the array covered with a cover slip (50 mm diameter). Arrays were then placed on the microscopy stage and imaged every 30 min for 6 h. During microraft array imaging, an incubator housing the microscope was maintained at 37°C, 60% relative humidity and 5% CO 2 .
Image acquisition
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A customized MATLAB program controlled the microscope to acquire bright field and fluorescence images of the microraft array at designated time points. A graphical user interface (GUI) was designed to permit input of user-selected parameters such as fluorescence channel selection, camera exposure, microraft array geometry, microraft array numbers and time-lapse conditions. 8, 9 A 5% overlap between imaged fields of view was used in all experiments.
Image processing and analysis
In parallel with the image acquisition, the MATLAB program processed and analyzed the acquired images. The bright field images were used to identify individual microraft locations.
Flat-field correction was performed on each bright field image to correct for uneven illumination intensity. 10 Otsu's method was then used to calculate a threshold for each image, and the image was converted to binary. 11 Due to the optical properties of microrafts, the borders of each microraft appear dark in bright field micrographs enabling facile identification of individual microraft borders. The binary images were further processed to fill the interior of each microraft border and remove any resulting objects that were larger than 1.5× or smaller than 0.5× the microraft size eliminating debris. The positions of all microraft were identified at each time point.
Fluorescence images were processed in a similar fashion. A top hat filter was applied with a disk structuring element having a radius twice the nominal diameter of a cell to remove background fluorescence. 12, 13 Otsu's method was utilized to determine a threshold for each image and the threshold was applied to convert each image to binary. 11 The pixel locations and intensity values of each fluorescence image were determined for each individual microraft.
Additionally, a watershed algorithm was applied to each image in the far red channel (corresponding to cells stained with CellTracker Deep Red) to count the number of individual cells on each microraft. 14-16
Selection of cells for release
The locations of individual microrafts were determined using the image processing and analysis software described above. Microrafts containing a single CD8 + cell were identified from the watershed algorithm using CellTracker Deep Red fluorescence as a marker of CD8 + cells. These microrafts were sorted based on the increase in Sytox Green fluorescence intensity.
Automatically identified microrafts were re-screened after gelatin encapsulation (see below) to ensure that a single CellTracker Deep Red-positive cell (CD8 + cell) remained on the microraft.
Single cell transfer and analysis
Microraft/cell release and transfer to a 96-well plate
Upon completion of the cytotoxicity assay, the arrays were overlaid with a thin layer of gelatin as described previously. 1 The gelatin diffused into the cup-shaped microrafts to encapsulate the nonadherent cells ensuring that the cells remained on their microrafts during microraft release and retrieval. Briefly, the culture media above the array was replaced with a thin layer of 5 wt% bovine gelatin in PBS and the array was centrifuged at 400 × g for 4 min. The array was then incubated for 10 min at 37°C. The array was washed and then incubated at 4°C for 5 min to solidify the gelatin within the microrafts and cold (4°C) culture media was overlaid onto the arrays. For these experiments, the incubator surrounding the microscope was cooled to 24°C just prior to gelatin overlay of the array.
Microraft isolation was performed by actuating a small needle (10 µm tip, 100 µm base, 5 mm long) to puncture the PDMS of the microraft array and eject individual microrafts as 11 described previously. 1-3 Released rafts were then captured by a magnetic wand mounted on a computer controlled 3-axis motor and deposited into a 96-microwell plate as described previously. 1
Preparation of feeder cells for T cell expansion
PBMCs were isolated from 3 different buffy coats using Ficoll-Paque PLUS or Lymphoprep, 
Limiting dilution
CD8 + CTLs, prepared as described for the microraft array cytotoxicity assays, were serially diluted 10-fold in CM from a concentration of 500,000 cells/mL to 5 cells/mL. One hundred L of the 5 cells/mL dilution was added to each well of a 96 well plate containing irradiated feeder cells, for an expected concentration of 0.5 CTLs/well.
T cell expansion
Microrafts containing selected CTLs were isolated as described above in to 96-well plates containing feeder cells. Cells released from the microrafts and cells plated by limiting dilution were expanded in parallel using minor modifications of the protocol described by Perna el al. CTLs were fed 4 days later by pelleting and resuspending in 2 mL CM supplemented with IL-2, IL-7, IL-15. Three days later, CD8 + cells were isolated using Miltenyi's CD8 + T cell isolation kit, and cell pellets were frozen at -80 o C for TCR α and β chain CDR3 sequencing.
Analysis of TCR -and -chain CDR3 sequences
RNA was isolated from approximately 22,500, 150,000 and 60,000 cells from the B8, D10 and F9 CD8 + T cell clones, respectively, using Qiagen's RNeasy Micro Kit and stored in aliquots at -80 o C. Analysis of TCR -and -chain rearrangements was performed using multiplex RT-PCR as described by Kim et al. 18 which is a modification of the method described by Seitz et al. 19 Briefly, an aliquot of RNA was thawed, and the initial RT-PCR reaction was performed using the OneStep RT-PCR kit. 18 TCR -chains were amplified from 1 L of the RT-PCR product in a run-off reaction, followed by semi-nested PCR using the Fast Start High Fidelity PCR System.
Reactions that produced PCR products visible by agarose gel electrophoresis were purified using 13 the Qiagen PCR Purification Kit and sequenced using the UP primer described by Kim et al. 18 TCR -chains were amplified by nested touchdown PCR using 1 L of the RT-PCR reaction as previously described using the Fast Start High Fidelity PCR System. 18 PCR products were analyzed by agarose gel electrophoresis, purified using the Qiagen PCR Purification Kit, and sequenced using the C-in primer. 18 Sequencing was performed at the UNC Genome Analysis Facility (University of North Carolina, Chapel Hill, NC), and sequences were analyzed to determine the V and J alleles as well as the CDR3 sequence using IMGT/V-Quest (http://www.imgt.org/IMGT_vquest/vquest). 20, 21 One clone (F9) did not produce readable sequences using the protocol described above, possibly due to poor quality RNA. The TCR-chain rearrangement of this clone was analyzed using a modification of another multiplexed RT-PCR protocol for single cell TCR analysis. 22 Briefly, an aliquot of RNA was thawed, and multiplex RT-PCR was performed in a 50 L reaction using the SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity DNA Polymerase, 10 U RNase Inhibitor, and 2.8
L of a mix of 26 primers (external primer set; final concentration of 0.21 M per primer). 22 PCR products were purified using the Qiagen PCR purification kit, analyzed by agarose gel electrophoresis and sequenced using the internal hCbi primer. 22 Sequencing and sequence analysis were performed as described above.
